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Edited by Peter BrzezinskiAbstract Using photon counting and charge-coupled device
(CCD) cameras, we have applied the method of real-time biolu-
minescence imaging to investigate protein traﬃcking in mamma-
lian cells. In the living cells of Chinese hamster ovary and
PC12D cells, exocytotic secretion of protein and protein target-
ing on the cell surface were visualized using the secreted Gaussia
luciferase (GLase) as a reporter protein in a minute. After incu-
bation of the cells with luciferin (coelenterazine) for 10 min,
luciferin was imported into the cells and the vesicle transport
network in the cells could be shown by luminescence images of
GLase activity. Further, we demonstrate that GLase with a het-
erologous signal peptide sequence is targeted to the cell surface
in neuronally diﬀerentiated PC12D cells and luminescence sig-
nals could be detected in a few seconds.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Protein refolding1. Introduction
Light emission produced by an enzymatic reaction of a lucif-
erase (enzyme) with a luciferin (substrate) is known as biolumi-
nescence and has been used to monitor cellular events such as
the regulation of gene expression. Recent advances in photon
detection devices have accelerated the progress of biological
imaging and the resulting real-time images will give the valu-
able information on biological functions [1]. The methods of
imaging based on a luciferase-luciferin reaction are simple,
sensitive and convenient, and have been applied to tumor
imaging in mice with ﬁreﬂy luciferase and Renilla luciferase
as reporters [2,3]. Previously, we visualized the site-speciﬁc
protein secretion from Chinese hamster ovary (CHO) cells
using a secreted luminescent reporter enzyme (527 aa;
59.5 kDa), Vargula luciferase [4]. The secretion of VargulaAbbreviations: GLase, Gaussia luciferase; CTZ, coelenterazine; GLuc,
the codon-optimized gene of GLase; CCD, charge-coupled device;
CHO cell, Chinese hamster ovary cell; DBH, dopamine b-hydroxylase
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doi:10.1016/j.febslet.2007.08.036luciferase from a live mouse preimplantation embryo was also
visualized with an image intensifying system [5].
The marine copepod Gaussia princeps secretes a luciferase
that catalyzes the oxidation of luciferin (coelenterazine;
CTZ) to emit blue light (kmax = 480 nm, Fig. 1A). The cDNA
of secreted Gaussia luciferase (GLase) was cloned and the
luciferase consists of 185 amino acid residues (19.9 kDa)
including a putative signal peptide sequence for secretion [6].
Thus, the luminescence reaction of GLase is simple and is a
good candidate for a reporter protein in real-time imaging of
the protein secretion.
To characterize protein traﬃcking from inside to outside of
living mammalian cells, a smaller secreted GLase was intro-
duced and the secretory pathway including protein targeting
on the cell surface was visualized.2. Materials and methods
2.1. Plasmids
The codon-optimized gene of GLase (GLuc), pcDNA3-GLuc (Pro-
lume Ltd., Pinetop, AZ) with the signal peptide sequence (sp), was
used for expression in mammalian cells. To construct the expression
vector of GLase lacking the signal peptide sequence (DSP-GLuc), a
BamHI-NotI fragment was obtained from pcDNA3-GLuc by PCR
using primer GL1 (5 0-GGATCC AGCCACC ATG AAG CCC ACC
GAG AAC AAC GAA-30) and primer GL2 (5 0-GCGGCCGC TTA
GTC ACC AC-3 0), cloned into a blunt end-cloning vector, and then
the fragment was replaced with the BamHI-NotI fragment in
pcDNA3-GLuc, to give pcDNA3-DSP-GLuc. For expression of
GLase with the signal peptide sequence of human DBH, a vector
pcDNA3-DBHsp-GLuc was constructed by replacement with the sig-
nal peptide sequence in pcDNA3-GLuc as follows; a new EcoRI site
was introduced into the BamHI-NotI region of pcDNA3-GLuc by
PCR using primer GL2 and primer GL3 (5 0-GGATCC A GAATTC
AAG CCC ACC GAG AAC AAC GAA-30, EcoRI site underlined)
to give pcDNA3-GLuc-BE having the BamHI-EcoRI site in
pcDNA3-DSP-GLuc. The BamHI-EcoRI fragment containing the sig-
nal peptide sequence of hDBH from pBluescript KS (+)-hDBH [7] was
obtained by PCR using a primer set of primer DBH1 (5 0-GGATCC
AGCCACC ATG CCC GCC CTC AGT CGC TGG GCC AGC C-
3 0) and primer DBH2 (5 0-GGATCC A GAATTC AAG CCC ACC
GAG AAC AAC GAA-3 0) and inserted into BamHI-EcoRI sites in
pcDNA3-GLuc-BE to give pcDNA3-DBHsp-GLuc (DBH-GLuc).2.2. Cell culture and transfection
CHO-K1 cells transfected with the GLuc expression vectors using
Polyfect (Qiagen, Hilden, Germany) were cultured in a-MEM (Invit-
rogen, Carlsbad, CA) supplemented with 10% fetal bovine serum
(Equitech-Bio. Inc., Kerrville, TX). To establish the stable transform-
ant in CHO-K1 cell line expressing GLuc, cells were selected in G418
(800 lg/ml, Invitrogen). A clonal transformant showing the highest
luminescence (CHO-K1-GLuc cells; clone #4) was used. PC12Dblished by Elsevier B.V. All rights reserved.
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Fig. 1. Characterization of GLase expressed in mammalian cells. (A) Luminescence reaction of GLase with coelenterazine (CTZ). (B) A schematic
representation of various GLuc expression vectors. GLuc (pcDNA3-GLuc); the signal peptide sequence with GLase, DSP-GLuc (pcDNA3-DSP-
GLuc); lacking of the signal peptide sequence of GLase, DBHsp-GLuc (pcDNA3-DBHsp-GLuc); GLase fused to N-terminal sequence of human
DBH. The transmembrane domain of DBH is underlined and putative cleavage sites are assigned from previous report of bovine DBH [9]. (C) GLase
activity in the conditioned medium of NGF-diﬀerentiated PC12D cells. After transfection with GLuc or DBHsp-GLuc for 24 h, the luminescence
activity in the conditioned medium was determined. (D) Subcellular fractionation of GLase expressed in cells. Cells used are the same as in C. (E)
Western blot analysis of subcellular fractions using anti-N-cadherin and anti-Grp94 antibodies. T; total cell lysate, P; 20000 · g ppt, S; 20000 · g sup
in D.
4552 T. Suzuki et al. / FEBS Letters 581 (2007) 4551–4556cells were cultured in DMEM (Invitrogen) supplemented with 5%
fetal bovine serum and 10% horse serum (Sigma, St. Louis, MO)
and were transfected with the vectors using LipofectAMINE2000
(Invitrogen) on Falcon poly-D-lysine coated dishes (BD Bioscience,
Bedford, MA). After transfection, PC12D cells were immediately
treated with rat recombinant b-NGF (50 ng/ml, Sigma) for diﬀerenti-
ation.
2.3. Measurement of GLase activity using a luminometer
For measurement of luminescence intensity, an aliquot of the condi-
tioned medium or cell lysate was added into 0.2 ml of 20 mM Tris–HCl
(pH7.4)/150 mM NaCl containing coelenterazine (CTZ: 5 lg/ml, Chis-
so Co., Tokyo, Japan) and luminescence intensity was immediately
measured with a Lumat LB9507 luminometer (Berthold, Bad Wildbad,
Germany).
2.4. Preparation of conditioned medium and cell lysate from cells
expressing GLase
The conditioned medium was collected by centrifugation at 300 · g
for 5 min at 4 C to remove detached cells. For preparing cell lysate,
cells were washed twice and scraped in ice-cooled PBS containing a
protease inhibitor cocktail (Sigma) and was disrupted by sonication
for 5 s at 4 C. After centrifugation at 300 · g for 10 min, the super-
natant was used as the total cell lysate. For further fractionation, the
cell lysate was centrifuged at 20000 · g for 10 min at 4 C. Protein
concentration was determined by the method of Bradford using aprotein assay kit (Bio-Rad, Hercules, CA) with bovine c-globulin as
a standard. To determine subcellular contents in fractions, Western
blot analysis was performed using anti-N-cadherin (Sigma) and
anti-Grp94 (Stressgen, Ann Arbor, MI) antibodies as markers for
plasma membrane and ER lumen, respectively. Brieﬂy, proteins
(7 lg) were separated by SDS–PAGE (4–20% gel, Daiichi Pure
Chemicals, Tokyo, Japan) under reducing conditions and then trans-
ferred to a PVDF membrane (Bio-Rad). After incubation with HRP-
conjugated antibodies (GE Healthcare UK Ltd), proteins on the
membrane were visualized with an Immobilon Western blotting kit
(Millipore, Billerica, MA) and a LAS-3000 mini image analyzer (Fuji
ﬁlm, Tokyo, Japan).2.5. Bioluminescence imaging
In imaging experiments, the cells were cultured on a 35 mm glass-
bottom dish (Mat-Tek Co., Ashland, MA). To obtain the luminescence
image, the cells were washed twice with 3 ml of PBS and then were
soaked with 1 ml of serum-free culture medium containing 20 mM
HEPES (pH 7.4) and CTZ (1 lg/ml). Luminescence signals were taken
at room temperature (25–30 C) using a model IX71 microscope
(Olympus Co., Tokyo, Japan), equipped with a VIM photon-counting
camera (model C2741-35A; Hamamatsu photonics, K.K., Japan) or an
ORCAII-ER-1394 CCD camera (model C4742-98-24ERG; Hamama-
tsu photonics) in a dark box. Luminescence signals were processed
using AQUACOSMOS software version 2.6 (Hamamatsu photonics)
and converted to pseudo-colored images.
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3.1. Active GLase is expressed through the protein secretory
pathway
In mammalian cells, the gene of GLase (GLuc) was
expressed and GLase was secreted into the conditioned
medium, showing stronger luminescence intensity than ﬁreﬂy
luciferase and Renilla luciferase [8]. Before applying GLase
to real-time bioluminescence imaging in mammalian cells,
the biochemical properties of the secreted GLase were charac-
terized. The cleavage site of the secretion signal peptide se-
quence of GLase was determined by amino acid sequencing
analysis of the puriﬁed protein from the conditioned medium
of CHO-K1 cells (data not shown; Fig. 1B). Thus, the secreted
GLase consists of 168 amino acid residues without the signal
peptide sequence of 17 amino acid residues (Fig. 1B), whichFig. 2. Bioluminescence imaging of secreted and intracellular GLase in CHO
CHO-K1 cells with a CCD camera. Cells transfected with GLuc were transi
lens; 20·. Luminescence images in grayscale were converted to gradation-co
image (left panels). (B) Time lapse luminescence images of GLase in stable exp
in ‘‘Gravity’’ mode; 1 min, objective lens; 40·. (C) Time-dependent increase o
intensity of individual cell area was calculated and deﬁned to be 100% at the p
K1 cells by incubation of CTZ for 1 h with a CCD camera. Acquisition ti
converted to gradation- and green-colored images, and green-colored imagewas predicted by SignalP 3.0 server (http://www.cbs.dtu.dk/
services/SignalP/). When GLuc without the signal peptide
sequence (DSP-GLuc, Fig. 1B) was expressed in CHO-K1 cells,
no signiﬁcant luminescence was observed in either the
conditioned medium or the cell lysate. Treatment with reduc-
ing reagents such as dithiothreitol and 2-mercaptoethanol
eliminated the luminescence activity of GLase. These results
suggested that intra-molecule S–S bridge(s) formation is neces-
sary for GLase activity and that fully active GLase can be
expressed through the ER-Golgi pathway in mammalian cells.
3.2. A fusion protein, DBHsp-GLase, is targeted to the plasma
membrane
To target GLase on the cell surface, we chose the signal pep-
tide sequence of dopamine b-hydroxylase (DBH) [9] and fused
it to GLase. DBH is an enzyme that converts dopamine to nor--K1 cells. (A) Time lapse luminescence images of GLase secretion from
ently expressed and cultured for 48 h. Acquisition time; 10 s, objective
lored images (right panels) and then superimposed on the bright-ﬁeld
ressed CHO-K1 cells with a photon-counting camera. Acquisition time
f luminescence intensity in cells by incubation with CTZ. Luminescence
oint of 3–4 min in B. (D) Luminescence image of GLase inside of CHO-
me; 10 s, objective lens; 60·. Luminescence images in grayscale were
were superimposed on the bright-ﬁeld image. Scale bars; 40 lm.
4554 T. Suzuki et al. / FEBS Letters 581 (2007) 4551–4556adrenaline in secretory vesicles and is partially secreted with
the cleavable signal peptide sequence, along with noradrena-
line release, and remains partially on the cell surface as a
non-cleaved form including the transmembrane sequence
[10,11] (Fig. 1B). The expression vector for GLase with the sig-Fig. 3. Bioluminescence imaging of DBHsp-GLase targeted on the cell surf
photon-counting camera. PC12D cells transfected with DBHsp-GLuc were
time in ‘‘Slice’’ mode; 30 s, objective lens; 40·. Luminescence images in grays
colored images superimposed on the bright-ﬁeld image. (B) Time dependen
counting camera. Acquisition time in ‘‘Gravity’’ mode; 3 min, objective lens;
surface with a CCD camera. Acquisition time; 30 s, objective lens; 60·. (D) U
Ca2+-ionophore. After 5 min incubation with CTZ, luminescence images in ‘‘
then A23187 (ﬁnal concn., 1 lM) was added. Pseudo-colored images were sup
luminescence imaging with a photon-counting camera. Acquisition time in ‘‘S
were superimposed on the bright-ﬁeld image. Scale bars; 40 lm.nal peptide sequence of DBH (DBHsp-GLuc; Fig. 1B) was
constructed and was transfected into NGF-diﬀerentiated
PC12D cells. In the conditioned medium, the luminescence
activity of GLase with DBHsp-GLuc was lower than that with
GLuc (Fig. 1C). However, a subcellular analysis of DBHsp-ace of PC12D cells. (A) Luminescence image of DBHsp-GLase with a
transiently expressed and diﬀerentiated by NGF for 48 h. Acquisition
cale were converted to gradation- and green-colored images, and green-
t decrease in luminescence intensity of DBHsp-GLase with a photon-
40·. (C) Luminescence image of punctate of DBHsp-GLase on the cell
p-regulated luminescence image of DBHsp-GLase on the cell surface by
Slice’’ mode were acquired for 30 s with a photon-counting camera and
erimposed on the bright-ﬁeld image. Objective lens; 40·. (E) Real-time
lice’’ mode; 1 s and 30 s, objective lens; 40·. Gradation-colored images
Nucleus
CTZ
DBHsp-GLase
ER
Golgi
GLase
Fig. 4. Schematic representation of real-time imaging using GLase and DBHsp-GLase with coelenterazine in living mammalian cells. CTZ,
coelenterazine; GLase, Gaussia luciferase; DBHsp-GLase, GLase fused with the signal peptide sequence of dopamine b-hydroxylase (DBH).
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sity was observed in the plasma membrane rich-fraction of the
cells (Fig. 1D and E). These results suggest that a high content
of DBHsp-GLase is localized on the surface of plasma mem-
brane.
3.3. Bioluminescence imaging of GLase secretion from CHO-K1
cells
To obtain bioluminescence images in luminescence cells, a
photon-counting camera and a charge-coupled device (CCD)
camera were chosen. A photon-counting camera is sensitive
and provides real-time observations compared with a CCD
camera. On the other hand, a CCD camera has an advantage
in capturing high-resolution images to detect the localization
of luminescence signals. For visualizing protein secretion with
GLase, CHO-K1 cells transfected with GLuc were incubated
with serum free medium containing CTZ and then the real-
time luminescence image was immediately obtained. After
washing cells with PBS to remove CTZ in the medium, the
luminescence signal was diminished. Thus, the luminescence
signals were due to the reaction of secreted GLase from cells
with CTZ. Successive 10 s-luminescence images from single
CHO-K1 cell were collected using a CCD camera (Fig. 2A
and Supplementary movie 1). Hot spots of luminescence signal
were observed on both sides of the sharp edge of cells and this
luminescence intensity changed in a time-dependent manner.
These results suggest an uneven distribution and a short-time
ﬂuctuation in protein secretion from a cell.
3.4. Bioluminescence imaging of intracellular GLase in the
protein secretory pathway of CHO-K1 cells
While measuring the time lapse imaging of GLase secretion
from stable transformant of CHO-K1 cells, we found that the
intensity of intracellular luminescence was increased signiﬁ-
cantly after 10 min (Fig. 2B and C, and Supplementary movie
2). Under our imaging conditions, spontaneous luminescence
from CTZ was very low and did not give any speciﬁc images.
After incubation with CTZ for 1 h, luminescence signals were
clearly observed inside cells (Fig. 2D) and continued after
removing CTZ from the cultured medium. The luminescence
image of cells might be explained by continuous replenishment
of CTZ remaining in intracellular organelles. These observa-
tions suggest that CTZ is imported into the membrane traﬃc
network for protein secretion and the luminescence image
shows the lumen of secretory organelles in this network.3.5. Bioluminescence imaging of DBHsp-GLase targeted on the
cell surface of NGF-diﬀerentiated PC12D cells
To image a target protein on the plasma membrane of
neuronal cells, NGF-diﬀerentiated PC12D cells transiently
expressing DBHsp-GLase were incubated with CTZ (Fig. 1C
and D). Luminescence signals on cells were clearly visual-
ized in a short acquisition time for 30 s (Fig. 3A). On removal
of CTZ, luminescence signals disappeared immediately and
were recovered by re-adding CTZ. The strong luminescence
signals were localized on neurites and the edges of cell bodies
(Fig. 3A and B). However, signal intensity observed on cells
decreased slowly (Fig. 3B), presumably due to the rapid inac-
tivation of GLase on the cell surface [8]. These observations
suggest that the luminescence signals are derived from the out-
side of the cells and that DBHsp-GLase on the cell surface
catalyzed the oxidation of CTZ to emit light. The mem-
brane-bound form of DBH was reported to be localized in a
punctate pattern and was up-regulated by exocytosis on the
cell surface in chromaﬃn cells [11]. On detection with a
CCD camera, the luminescence signal of DBHsp-GLase
showed a punctate pattern (Fig. 3C). To conﬁrm an up-regu-
lation of DBH on the surface of cell bodies and neurites by
exocytosis, the cells expressing DBHsp-GLase were treated
with A23187, a potent Ca2+ ionophore, and stimulation of
luminescence signals was observed (Fig. 3D). As the lumines-
cence intensity of DBHsp-GLase on the cell surface was rela-
tively strong, we could visualize successive 1 s-bioluminescence
images on the cell surface with a photon-counting camera
(Fig. 3E and Supplementary movie 3). The localization and
intensity of the luminescence signals on the cell body and neu-
rite changed, suggesting the emergence of newly recruited
DBHsp-GLase by exocytosis or movement of DBHsp-GLase
on the cell surface.3.6. Conclusions
Using Gaussia luciferase as a reporter protein, real-time
images of bioluminescence can be used to visualize proteins
being secreted by exocytosis and targeting sites on the cell sur-
face in mammalian cells (Fig. 4), and the method of monitor-
ing luminescence changes in real time might be applied as a
highly sensitive cell-based assay for chemical screening.
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